Dielectric interface would be formed on the electrode surface during the analysis or disposal of many phenolic compounds due to electro-polymerization. This could cause electrode passivation, also called electrode fouling, which is indicated by the continuously decaying current signal. This paper proposed a model based on the potential drop across the fouling layer, which is helpful for deep understanding of the electrode passivation/fouling process. This model successfully fitted the experimental results.
Introduction
Electrode fouling is a common problem during electrochemical analysis and disposal of phenolic compounds, such as phenol, cresol and its derivative, tricresyl phosphate (TCP), which is used widely in jet engine oils and has high potential to contaminate the aircraft cabin(1-4). Anti-fouling modifications were sometimes conducted on the electrode surface to solve this issue (5, 6) . However, a deeper understanding about electrode fouling is still necessary for scientific investigation and development of appropriate countermeasures for its effect. The chemical reactions that occur during anodic oxidation of phenolic compounds have been discussed in Fig.1 (7) (8) (9) (10) (11) (12) .
In addition, the mechanism of how the polymeric layer causes the electrode fouling is always of interest. One model of "area blocking"/"active site poisoning" predicted a linear relationship between the rate of passivation and the remaining unblocked electrode area, and thus the logarithm of current decreased linearly with time (13) . This model might be useful only at the beginning stage of electrode fouling, since this poly-phenolic film was readily available to create a complete coverage on electrodes (14) . In long term fouling, a model based on the whole fouling layer on the electrode is needed. Gattrell and Kirk studied the influences of the species concentration and applied potential on electrode fouling with Gel permeation chromatography (GPC), X-ray photoelectron spectroscopy (XPS), Cyclic voltammetry (CV), and amperometric methods, and created a semiempirical model based on electron tunneling (13) . The tunneling current decreased nearly exponentially with the film thickness. Since the whole fouling layer was too thick for electron tunneling (10-100 nm), the authors considered that the fouling layer was not uniform and consisted of successive blocking films. The upper region of the polymeric film was made of lower molecular mass (m a ) substrates and therefore allowed electrons to tunnel through the thinner layers. Thus, electron tunneling through the lower region, instead of the whole polymeric film, was the rate determining step. To fit the experimental data, they used the multiplication of the Tafel equation by the electron tunneling possibility (15) (16) (17) . They expected that the current decay curve consisted of a short initiation region with relative constant current and a fouling region where the current dropped inversely proportionally with time. However, the model contradicted with the experimental data that we obtained. Some inappropriate experimental designs may be responsible to the contradiction. The chronoamperometry with a potential step was used, which brought the superimposition of double-layer charging current and transient Cottrell current on the fouling current. It was reported that potential drop was created by the thiol layer (18) and electrodeposited polypyrrole on electrodes (19) . The fouling layer had similar dielectric properties. Therefore, the potential drop is probably happening across the fouling layer.
In this paper, a potential drop based model was proposed to explain and quantitatively predict the fouling current during electroanalysis of cresol in terms of time and applied potential. To propose this model, the relationship of potential -current was studied from basics. Moreover, a steady state was realized by setting up devices in flow mode with constant flow rates and applied potential, and the experimental data were successfully fitted with the model (20).
Flow system and electrochemical devices
The flow mode analysis was carried out by the setup shown in Fig.2 . A dual syringe pump (infuse only, KD Scientific, MA) with two 20 mL plastic syringe (BD) provided the constant flow rate (20 mL/h, unless otherwise stated). The solution that flowed through the electrode set was swapped between 0.4 M phosphate buffer and cresol by the manual sample injector (Rheodyne LLC, CA). The unicell electrode set (BASi, IN) consisted of one glassy carbon working electrode block (2 mm ø), one auxiliary electrode (stainless steel) and reference electrode (Ag/AgCl) block, and one circular gasket. A yellow coating solution was applied for the reference electrode before use to create a reliable AgCl layer as per instruction from the company. The working electrode was polished with alumina slurries (1, 0.3, and 0.05 µm sequentially). 10 mM NaCl was included in every solution to maintain the potential of reference electrode, since the reference electrode was made of AgCl coated Ag wire and exposed in the flowing solution. All amperometric experiments were performed with CH1910B Bi-Potentiopstat (CH Instruments, Inc., TX) and a desktop computer. Figure 2 . Experimental setup for the flow mode analysis. A dual channel syringe pump (left side) was used to provide constant flow rate. A sample injector (right side) was used to swap the flow solution that ran through the unicell electrode set (center).
Results and Discussion

Potential drop across the fouling interface
The idea of potential drop across the fouling layer is shown schematically in Fig.3 . The interface of electrode-electrolyte is of interest (Fig.3a) , because the interface potential, ∆E i , determines the oxidation of cresol (16, 21) . A cresol diffusion layer presented between the interface and the bulk solution (Fig.3b) , and the fouling layer placed between the electrode and electrolyte (Fig.3c) . Since current flows through the solution, a potential drop of iR s exists. However, the solution potential drop is always small and negligible (e.g. 1 µA*10 Ω= 0.01 mV). Thus, ∆E i is similar as the applied potential ∆E app on polished electrodes (Fig.3d) . If fouling layer exists, a potential drop ∆E f is created across it, and thus the ∆E i is less than ∆E app by the amount of ∆E f on polished electrodes (Fig.3e) . The change in potential influences the surface concentration of cresol and decreases the concentration gradient (Fig.3f,g) , which causes the current decay. W.E. means the working electrode, f the fouling layer, ɸ W the work functions of working electrode, ɸ R of reference electrode, E app the applied potential, R s the solution resistance, iR s the potential drop across the electrolyte solution, ∆E i the interface potential, ∆E f the fouling layer potential drop, C * the bulk concentration, C(x=0) the surface concentration, δ the thickness of "simplified" diffusion layer.
Study of Current-Potential Curves
To realize the scientific model, a general current-potential relationship in electrochemistry system is needed. As a basic point, this relationship is used directly or indirectly in almost all of electrochemical methods. For example, the current-potential (i-V) curve is obtained from Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV), and in chronoamperometry, the current-time (i-t) curve is obtained by monitoring the current response to a constant potential or potential steps that changes with time. Therefore, the current-potential relationship is important and should be understood before grasping any information from electrochemical data. the current-potential relationship will be deduced specifically.
Based on the theoretical study of literature, such as the book of "Electrochemical Methods" written by A.J. Bard and L.R. Faulkner, the following sections will deal with this relationship for reversible/ireversible reactions in a simplified and a rigorous approach, and for irreversible reactions (16) , which can be used for the flow analysis system of cresol. For reversible reactions, the interfacial electron-transfer kinetics is rapid, and thus only mass transfer limits the reactions. The simplified approach is a semiempirical treatment of steady state mass transfer. It uses the Nernstian behavior, and assumes a linear concentration gradient and that the current is proportional to this gradient. The rigorous approach utilizes the Nerstian behavior, diffusion equations, and boundary conditions. Interestingly, both of the two approaches yield identical i-E curves (16) . For irreversible reactions, the kinetics is not as rapid. Therefore, kinetic parameters such as the transfer coefficient (α) should be involved.
A simplified approach to steady-state mass transfer limited reversible reactions
In this section, the oxidation of a species at an anode will be considered. The reaction is reversible as shown below,
where Re is the reduced state, Ox the oxidized state, n the number of electrons transferred in reaction, e the electron.
Assume that the kinetics of electron transfer at the interface of electrode-electrolyte is rapid, i.e., the energy barrier for this reaction is negligible. The concentrations of Re and Ox are always at equilibrium with the electrode potential. The relationship follows the Nernst equation,
where E is the potential, E 0' the formal potential which is an adjusted form of the standard potential (16) , R (the universal gas constant)
Ox the oxidized state of species, Re the reduced product, C(x=0) the concentration of the Ox/Re species at the electrode surface. The surface concentrations of Re and Ox at equilibrium may differ from the bulk ones, which creates a concentration gradient. Most of time, the electrochemical device is designed in the way that only diffusion contributes to mass transfer. The migration is eliminated by addition of a high concentration of inert electrolyte, such as 0.4 M HPO 4 2-/H 2 PO 4-used in previous chapters, and convection is avoided by preventing perturbation and vibration. Therefore, diffusion of species from bulk solution to the electrode surface determines the signal current. A common method utilizing this design is the rotating disk electrode (RDE), where the working electrode is rotated in the electrolyte at a constant rate. The flow-mode with a constant flow rate has similar behavior as this device, where the electrolyte passes across the electrode surface with laminar flow.
It is reasonable to assume that a stagnant diffusion layer of thickness δ exists at the electrode surface (22) . The concentration of species beyond x= δ is equal to the bulk concentration, C*. Thus, the rate of mass transfer is proportional to the concentration gradient at the electrode surface,
where D is the diffusion coefficient (cm 2 /s). Assuming further that a linear concentration gradient exists within the diffusion layer,
Since the reaction is mass transfer limited, the net rate of the anodic oxidation is determined by the rate at which the species Re is brought to the electrode surface. Thus,
where A is the surface area of electrode, i is the current. Then, combining equations 4 and 5, we obtain
Based on the above equation, some derivations will be made for eliminating C Ox (x=0) and C Re (x=0) in the Nernst Equation to obtain the i-V relationship.
In most sensing processes, the analyte is presented without the corresponding Re/Ox state. Take our project for example, when detecting cresol in solution, its oxidized product is usually absent in the samples. Therefore, we consider the case where Ox is initially absent in bulk solution,
In the reduced product part, we introduce a factor i l , the limiting current (limited by diffusion). It occurs when C Re (x=0)=0, and thus Re transfers to the electrode surface at the largest rate. At this condition, the anodic oxidation of cresol reaches a maximum because it is being oxidized as fast as it is brought to the surface, We define a variable of the additional potential (E A ), which often varies following the applied potential, as,
Thus, we obtain the current-potential relationship for steady-state, mass transfer limited, reversible reactions,
It can be converted to be, 
A rigorous approach to electrode reactions
The last section introduced a simple way to describe the i-E relationship for steadystate, diffusion controlled, reversible reactions. It was based on the assumptions that the concentration gradient from the electrode surface to the bulk solution was linear and the current was proportional to this gradient. Although these simplifications are reasonable in some degree and the above equation explains some experimental results, a more rigorous solution is necessary. The rigorous approach utilizes Laplace transformation to solve the diffusion equation, the boundary conditions, and Nernstian behavior for reversible reactions. For irreversible reactions, an estimation will be provided, but the derivations in detail is beyond the scope of this dissertation.
Same as last section, only diffusion is considered to contribute to mass transfer, and Ox is initially absent. Assuming that the linear diffusion equation holds for both Ox and Re states,
The boundary conditions are,
By applying the Laplace transform (readers who are interested can refer to the Appendix A in Bard's book (16) 
Its Laplace transformation yields
Substitution of Eq. 26 and 27 into Eq. 29 gives,
Re Re
Re Ox
Thus, For simplicity, we introduce a variable r as the ratio of surface concentrations of
Combination of Eq. 34 and 35 gives, 
Since the flux of species, J, at the electrode surface is proportional to the current, 0 the transfer coefficient α~ 0.5 in most of cases. This current-potential relationship will be used in section 3.5 to deal with the irreversible oxidation of cresol during electrochemical analysis. In this case, the Re is cresol, and the Ox is the oxidation product of cresol. Thus, the current is determined by the limiting current i l , the initial additional potential E A0 , and the fouling time (starting from the point when cresol was oxidized). In the case of amperometry analysis of 10 µM cresol at 0.75 V, the first two variables are constant, and thus the current varies only with time. 
Conclusions
A scientific model based on the potential drop across the dielectric fouling interface was proposed, and it was consistent with the experimental data. With respect to the time of continuous flow of cresol, the potential drop increaseed across the fouling layer (20) . More details of experimentally measuring the potential drop across the dielectric interface were available in other paper from our group, where copper electro-deposition and air-bubbled partially fouled electrodes were utilized (20) . This scientific model was able to predict the electrode fouling with respect to the time. Further research could optimize the model and enable the prediction with respect to cresol concentration and applied potential. This model possibly could similarly be applied to other phenolic compounds.
This model indicates that, to reduce or avoid electrode fouling, the operation should be preventing the accumulation of the fouling layer on surface, and thus avoiding the potential drop. Potential experimental designs dealing with electrode passivation issue fall into three categories: 1) applying modifications on electrode surface which repel the oxidation products; 2) disrupting the reaction of radical coupling and further oxidizing radicals soluble products; 3) introducing specific molecules that act as the electron receptors and combine with radicals to form soluble products.
